Group B Streptococcus (GBS) is the leading cause of neonatal sepsis. Adjunctive therapies are being sought to improve the outcome. Because increased blood levels of tumor necrosis factor (TNF)-a may play a role in the development of sepsis and an adverse outcome thereof, we evaluated the potential use of antibodies against TNF-a as adjunctive therapy of GBS sepsis. Using a neonatal rat model of GBS sepsis, we measured serum levels of TNF-a. Levels of TNF-a were significantly increased beginning 12 h after GBS inoculation and remained significantly increased at 30-36 h. We then examined the use of adjunctive therapy with antibody to TNF-a in animals with established GBS sepsis using polyclonal rabbit antirecombinant mouse TNF-a antiserum. Twelve hours after GBS inoculation, animals received a single dose of antibody to TNF-a or normal rabbit serum, and penicillin therapy (twice a day for 3 d) was begun. Animals receiving penicillin and antibody to TNF-a had a survival rate of 52% (13 of 25) versus 29% (7 of 24) for animals receiving penicillin and normal rabbit serum. Thus, the use of antibodies directed against TNF-a may have a role as adjunctive therapy of established GBS sepsis in the newborn infant. GBS is the most common cause of life-threatening infection in newborns in this country (1) . In spite of attempts at early diagnosis, the use of antimicrobials with rapid bactericidal activity in vitro, and the most technologically advanced intensive care support, morbidity and mortality rates continue to be unacceptable. Approximately 10-15% of GBS-infected newborns die, and of those with meningitis about 50% of survivors are left with serious neurologic sequelae (2, 3). Thus, adjunctive therapies are being sought that would improve the outcome of GBS infection in newborn infants.
TNF-a is a proinflammatory cytokine, produced in the host in response to infection. When produced in small quantities, it may have a beneficial effect on outcome; however, when produced in excessive amounts, it appears to adversely affect outcome. Levels of TNF-a generally have been noted to be elevated in humans during sepsis. As in adults, in children with severe sepsis due to a variety of Gram-positive or -negative bacteria, studies have dem-onstrated that higher blood TNF-a levels are associated with higher fatality rates (4, 5) . A recent study (6), however, did not find increased TNF-a levels in infants with sepsis due to a variety of Gram-positive or -negative bacteria; these infants were prirnarily preterm with late-onset, hospital-acquired infections (which may be less likely to be life-threatening).
Group B streptococcal infection has been shown to increase serum TNF-a levels in animals (7-9) and in human infants (10) . In the present studies, using an experimental model, we evaluated the potential of antibodies directed against TNF-a for use as adjunctive therapy (with antibiotics) for established sepsis due to GBS in neonates.
METHODS

Bacteria.
Originally isolated (by Dr. Carol Baker, Houston, TX) from the cerebrospinal fluid of a newborn infant, GBS type I11 strain M732, has been well characterized and used in previous studies (11) . The bacteria were incubated at 37°C in Todd-Hewitt broth (Becton Dickinson, Cockeysville, MD) to log phase growth and then stored in aliquots at -70°C until broth at 37°C to log phase growth, washed three times, and resuspended in PBS to a concentration of 1 X lo5 CFUJ0.02 mL.
Penicillin. Aqueous sodium penicillin G powder (Squibb, Princeton, NJ) was reconstituted in sterile water and stored in aliquots at -70°C until use.
Antibody to TNF-a Polyclonal rabbit antirecombinant mouse TNF-a antiserum (Genzyme, Cambridge, MA) was purchased for use. This product has been shown by others to neutralize rat TNF-a (8). Normal rabbit serum was purchased from Sigma Chemical Co. (St. Louis, MO).
Measurement of TNF-a levels. A commercially available ELISA kit (Factor-Test mTNF-a; Genzyme) was used. The lower limit of detection of this assay is 0.1 ng of TNF-aJmL. Undetectable TNF-a levels were assigned a value of 0. All specimens were tested in duplicate, and the results are expressed as the mean.
Measurement of endotoxin levels. A commercially available Limulus amebocyte lysate assay kit (E-Toxate; Sigma Chemical Co.) was used. The lower limit of detection with this assay is 0.05 endotoxin units/mL. Endotoxin levels were measured in samples of each reagent (including penicillin, polyclonal rabbit antirecombinant mouse TNF-a antiserum, and normal rabbit serum), selected serum samples (including those with measurable TNF-a levels) and GBS suspensions; all were negative.
Animal model of GBS infection. The animal model used was similar to that described by us previously (11) . Outbred Sprague-Dawley timed-pregnant rats (Harlan Sprague-Dawley, Indianapolis, IN) were received in our animal care unit at least five days before delivery. Newborn rats (<72 h old) from multiple litters were randomly assigned to each study group. All injections were given using repeating dispensers and gastight syringes (Hamilton, Reno, NV). After injections, the pups were marked and returned randomly to the mothers.
The newborn rats received GBS, 1 X 10' CFU sc just cephalad to the tail. Using this model, we have shown that 100% of animals are bacteremic 12 h postinoculation (11) . In the present studies, beginning 12 h post GBS inoculation, the animals received penicillin, 100 mglkg body weight per dose given twice daily for 3 d S.C. over the shoulders, or an equal volume (0.02 mL) of sterile water. At the time of the first dose of pencillin (or sterile water), the animals received polyclonal rabbit antiserum to murine TNF-a, or normal rabbit serum, each at a dose of 0.04 mL. In the studies of Teti et a2. (8) , 0.05 mL of rabbit anti-murine TNF-a serum (Genzyme) neutralized serum TNF-a in GBS-infected newborn rats. In the current studies, the sera were administered by the intraperitoneal (i.p.) route [i.p. administration of antibody to TNF-a has been shown to be efficacious in decreasing mortality in newborn rats after S.C. inoculation of Pseudomonas (12)l. To examine the effects on mortality, we evaluated three study groups: 1 ) penicillin and normal rabbit serum, 2) penicillin and polyclonal rabbit antiserum to murine TNF-a, and 3 ) sterile water and polyclonal rabbit antiserum to murine TNF-a. After infection, dead animals were removed from the cages frequently and mortality assessed every 12 h. In our previous studies using a similar model (ll), deaths in penicillin-treated animals most frequently occurred either soon after the initiation of antibiotic therapy or days after the completion of therapy. In the present studies, the animals were observed subsequent to this time until there had been no new illness or death noted for at least 48 h.
In separate studies, blood was obtained from rats for measurement of TNF-a levels. The animals were placed on ice until inactive and then blood was obtained by cardiac puncture using a 20-gauge needle. Immediately after cardiac puncture, the animals were killed by decapitation. After centrifugation, the serum specimens were stored at -70°C until assayed in batches. For measurement of TNF-a levels, blood was obtained from uninfected animals, from animals infected and untreated, and from GBS-infected animals treated as outlined above with either penicillin or polyclonal rabbit antiserum to murine TNF-a.
Statistical analyses. Group differences in TNF-a levels were analyzed using the Wilcoxon Rank sum test. Mortality was examined graphically using Kaplan-Meier survival curves. Survival curves were compared using a variation of the Wilcoxon rank test modified for censoring and the log rank test (13) . The former is influenced more by mortality earlier in follow-up, whereas the latter is influenced more by mortality later in follow-up (14) . All analyses were performed using PC-SAS (15) . p values <0.05 were considered significant.
RESULTS
Levels of TNF-a
Normal rabbit serum contained no detectable TNF-a. In 40 uninfected rats (<72 h to 6 d old), serum levels of TNF-a were undetectable.
In GBS-infected and untreated animals, serum TNF-a levels were measured before and then every 6 h after GBS inoculation (Fig. 1) . Blood was obtained from five animals at each time until 30 and 36 h postinfection, when due to limited survival, three specimens were obtained at each time. As the TNF-a 
30,36
Hours Post GBS Inoculation Figure 1 . Serum levels of TNF-or. Newborn rats were inoculated sc with 1 X lo5 CFU GBS and then blood was obtained at the times indicated. Five rats were studied at each time period, except 30 and 36 h postinoculation when, due to limited survival, three animals were studied at each time. As the TNF-or levels at 30 and 36 h appeared similar, the data at these time points was combined for statistical analysis. The bar represents the median value in each group. Compared with TNF-or levels before GBS inoculation, p = 0.02 at 12 h and at 18 h, p = 0.005 at 24 h, and p = 0.04 at 30-36 h.
levels at 30 and 36 h appeared similar, the data at these time points was combined for statistical analysis. As shown in Figure 1 , the levels of TNF-a remained undetectable 6 h after GBS inoculation. The TNF-a levels were significantly increased at 12 h (median, range; p value compared with preinoculation) (2.39 ng/mL, 0-3.13; p = 0.02), and remained significantly increased at 18 h (2.79,O-7.91; p = 0.02), 24 h (1.69, 0.57-5.24; p = 0.005), and 30-36 h (1.02, 0-2.39; p = 0.04) postinoculation.
In animals treated with penicillin beginning 12 h after GBS inoculation, TNF-a levels were measured 6, 12, 24, and 36 h after initiation of penicillin therapy. All animals (n = 4 or 5 per group) had undetectable TNF-a levels. In GBS-infected animals receiving only polyclonal rabbit antiserum to murine TNF-a, TNF-a levels were measured in five animals each at 6 and 12 h after therapy, and all were undetectable, documenting that the amount of antibody to TNF-a administered to GBSinfected animals was adequate to neutralize serum TNF-a at these times. Measurement of TNF-a levels in this group beyond these times (>I2 h after therapy or >24 h postinfection) was not possible due to limited survival (and the high cost of antibody to TNF-a).
Mortality studies. In preliminary studies, after S.C. injection of 1 X lo5 CFU GBS, none of 35 animals survived (almost all deaths occurred within 36 h); among GBS-infected animals treated with penicillin (as outlined), 32% (19) of 60 animals survived.
The results of subsequent studies evaluating the effect of adjunctive therapy with antibody to TNF-a are shown in Figure 2 . Among animals that received penicillin therapy (and normal rabbit serum), 7 (29%) of 24 animals survived the study period. When polyclonal rabbit antiserum to murine TNF-a was given as adjunctive therapy with penicillin, 52% (13) of 25 animals survived. Comparing the survival curves of these two groups yields p = 0.04 using the Wilcoxon rank test modified for censoring and p = 0.06 using the log rank test. Inspection of the two survival curves indicates that adjunctive therapy with antibody to TNF-a compared with penicillin alone improved survival early (in the first 36 h) after administration, and that mortality risk in the two groups was similar after that time.
Without penicillin, none of 26 animals receiving polyclonal rabbit antiserum to murine TNF-a survived more than 24 h after therapy (36 h after GBS inoculation). Comparison of the survival curve of this group to that of the group that received antibody to TNF-a and penicillin yielded p = 0.0001.
DISCUSSION
In animals, i.v. injection of TNF-a causes fever, metabolic acidosis, capillary leak, cardiovascular collapse and death, similar to that seen in septic shock (16, 17) . In animal models of infection, it has been shown that serum TNF-a levels increase, and in some of these models, the administration of antibodies directed against TNF-a has been shown to improve outcome (reviewed in Ref. 18 ). Thus, using an experimental model, we studied the potential of antibodies directed against Figure 2 . Adjunctive therapy with TNF-a antibody. Neonatal rats were infected sc with 1 X lo5 CFU GBS and then 12 h later were given one of three treatments: a single ip dose of polyclonal rabbit antirecombinant mouse TNF-a (TNF-a-Ab, n = 26); penicillin, 100 mgkg body weight per dose, twice daily for three days s.c. over the shoulders and a single i.p. dose of normal rabbit serum given at the time of the first dose of penicillin (pen & NRS, n = 24); or penicillin and antibody to TNF-a as described (pen & TNF-a-Ab, n = 25). Comparing animals receiving penicillin and antibody to TNF-a to those receiving penicillin and normal rabbit serum, p = 0.04 using a variation of the Wilcoxon rank test modified for censoring andp = 0.06 using the log rank test. Comparing animals receiving penicillin and antibody to TNF-a to those receiving antibody to TNF-a alone, p = 0.0001.
HOURS AFTER TREATMENT
TNF-a for use as adjunctive therapy of established GBS infection in newborn infants.
In the present studies, neonatal rats had increased serum TNF-a levels beginning 12 h after GBS inoculation. The levels remained increased at 18,24 and 30-36 h (around the time that the last few surviving animals were near death) though levels at this latter time appeared to be approaching baseline levels. Our data are similar to those previously reported by Teti et al. (8) ; in their neonatal rat model, after i.p. injection of GBS, plasma TNF-a levels were significantly elevated at 12 h, peaked at 20 h, and decreased thereafter.
Previous studies also have evaluated the effect of antibodies directed against TNF-a on the survival of GBS-infected animals. In adult mice, rabbit anti-TNF-a serum, given 2 h before GBS inoculation, had no effect on survival even though it ablated the rise in serum TNF-a otherwise seen in response to infection (7) . In the newborn rat, rabbit anti-TNF-a serum, given 2 h before and 26 h after GBS inoculation, significantly increased survival at 48-72 h but not at 96 h (8). However, in those studies (7, 8) , antibodies to TNF-a were administered to the animals before the establishment of bacteremia, and antibiotics were not given. Thus, the use of antibodies against TNF-a in established GBS sepsis and in conjunction with antibiotics, as might be considered for the infant presenting with sepsis, had not been evaluated.
In the present studies, polyclonal rabbit antiserum to murine TNF-a administered after the establishment of bacteremia but 554 GIVNER ET AL.
without penicillin had no effect on survival of GBS-infected animals (all 26 animals died within the next 24 h). Serum levels of TNF-a were already increased at the time of administration of the antiserum; however, the dose of antiserum given was enough to ablate the serum TNF-a levels seen thereafter in infected animals. It is not surprising that in the face of established bacteremia, antibody to TNF-a will not improve survival in the absence of antibiotic therapy.
In our model of established GBS sepsis, polyclonal rabbit antiserum to murine TNF-a used as adjunctive therapy with pencillin decreased mortality compared with normal rabbit serum and penicillin. This effect was noted during the first 36 h after administration. As mentioned above, other investigators (8) have observed that (in the absence of antibiotic therapy) rabbit anti-TNF-a serum, given 2 h before and 26 h after GBS inoculation of neonatal rats, significantly increased early survival (at 48 to 72 h) but not final survival rates (at 96 h). Of note, recently published are the results of a randomized, controlled, double-blind, multicenter trial of adjunctive therapy with a single dose of monoclonal TNF-a antibody in adults with sepsis syndrome (19) . Among patients with septic shock, the use of TNF-a antibody was associated with a significant reduction in mortality three days after infusion; at 28 d, a trend toward increased survival was noted, but this was not statistically significant.
As in the current studies, in our previous studies (11) using the newborn rat model of GBS sepsis, we administered penicillin every 12 h to GBS-infected rats. In the current studies, however, we extended the length of therapy from four to six doses (or 3 d). This probably more closely simulates the length of therapy given to humans with GBS sepsis. In the animal model, continuing penicillin therapy even longer may prevent the late deaths noted days after completion of antibiotic therapy, and may result in further improvement in survival in the group receiving antibody to TNF-a as adjunctive therapy with penicillin (versus penicillin alone). This was not evaluated in the current studies nor was the effect of multiple doses of antibody to TNF-a.
The mechanism of the protective effect of the antibody to TNF-a in penicillin-treated animals is not evident from the present studies. After initiation of treatment with penicillin, serum TNF-a levels were first measured 6 h later, when they were undetectable. We did not measure TNF-a levels earlier after initiation of therapy, thus, we do not know the effect of penicillin and/or antibody to TNF-a in this period. We also did not measure the effect of the therapies on other cytokines that may be important in the pathogenesis of septic shock and that may be affected by TNF-a levels, such as IL-1 or IL-6 (7, 8, 20) . Recently, in a neonatal mouse model of GBS sepsis, administration of recombinant IL-6 was associated with decreased plasma TNF-a levels and improved survival time but not final survival rate (21) .
The present studies suggest that antibody directed against TNF-a may have potential as adjunctive therapy of established GBS sepsis in the newborn infant. The use of such antibodies in infected newborn infants must be approached carefully, however (10, 18) . TNF-a appears to play an important role in host defense against some pathogens, especially intracellular organisms, including Listeria monocytogenes (22) , another Gram-positive bacterium that causes sepsis in newborn infants. Further, in some animal models of bacterial infection, the administration of antibodies against TNF-a has been shown to adversely affect outcome (23, 24) . At this time, much further study is needed to explore the potential use of antibodies against TNF-a for adjunctive therapy of infection in newborn infants.
